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Abstract-The transient compressible one-dimensional vapor flow dynamics in a heat pipe is modeled. 
The numerical results are obtained by using the implicit non-iterative Beam-Warming finite difference 
method. The model is tested for simulated heat pipe vapor how and actual vapor flow in cylindrical heat 
pipes. A good comparison of the present transient results for the simulated heat pipe vapor flow with the 
previous results of a two-dimensional numerical model is achieved and the steady state results are in 
agreement with the existing experimental data. The transient behavior of the vapor flow under subsonic, 

sonic, and supersonic speeds as well as high mass flow rates are successfully predicted. 

1. INTRODUCTION 

IN A HEAT pipe, the change of phase of the working 
fluid in the closed system is used instead of a large 
temperature gradient to transport a large amount of 
energy. The attention of many scientists has focused 
on this unique phenomenon since the concept was 
introduced. The vapor from the evaporator carries 
energy to the condenser, so the vapor flow in the core 

region of the heat pipe plays an important role in 
transferring energy from source to sink. 

Many researchers have studied the steady one- 
dimensional compressible vapor flow [14] and the 

steady two-dimensional vapor flow in heat pipes [3, 
5-91. The common cross sections of the vapor space 
are circular, rectangular [4, 7, 91 and annular [3, 81 
and are chosen based on the particular application. 
The heat flux distributions on the surface of the evap- 
orator and condenser are uniform around the circum- 

ference except for those presented in refs. [4, lo]. 
Recently, the transient two-dimensional compressible 
simulated vapor flow in heat pipes [ 11, 121 was solved 
numerically, and the experimental data for the steady 
state simulated heat pipe vapor flow was obtained 
[l 11. However, the vapor flow was not actual vapor 

flow in a heat pipe and the numerical and experimental 
data were presented only in terms of the pressure. The 
transient two-dimensional compressible vapor flow in 
a heat pipe with a circular cross section was studied 
numerically [ 131. The numerical results for both simu- 
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lated compressible vapor flow with high Mach num- 

bers and the vapor flow of a high temperature heat 
pipe were compared with the experimental data in the 
literature. The transient responses of heat pipes to a 
pulsed heat input were also investigated. 

During the start-up of high temperature heat pipes, 

the extremely small density of the vapor causes the 
vapor flow to attain sonic and supersonic velocities 
for a relatively small heat input [ 141. Thus, the correct 
description of the transient vapor flow is essential to 
predict the successful start-up and to estimate the 
overall performance of the entire heat pipe. The 
governing equations for the vapor flow as well as 
those for the wall and wick regions should be solved 
simultaneously. Also, the development of the one- 
dimensional transient model for the vapor flow has 
been suggested due to the large amount of computer 
time required for the two-dimensional model [ 11, 121. 
For this purpose, a simple and efficient mathematical 
model is desired for each region. All previous one- 
dimensional models for vapor flow are for the steady 
state condition. 

This paper describes the mathematical model and 

the numerical method of solution for the transient 
compressible one-dimensional vapor flow in heat 
pipes. A comparison of the numerical results with 
the simulated transient two-dimensional numerical 
results and experimental data for the steady state 
given by ref. [1 l] is also presented. In addition, the 
numerical results from the present model for the 
actual vapor flow in the cylindrical high temperature 
heat pipe are compared with the experimental data 
obtained at the steady state [ 151. 
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NOMENCLATURE 

CP specific heat at constant pressure R gas constant [J kg ’ K ‘1 
fJkg- ‘K-‘3 Rt? axial Reynolds number, pL0&‘~1 

c specific heat at constant volume R% radiat Reynolds number at the wall. 
[Jkg ‘K- ‘f p v-,&/p 

D” diameter of the vapor space [m] t time [s] 

6 total energy of the vapor per unit volume, T vapor temperature [K] 
p(C, 7% l/2 U?) T, reference temperature for the Clausius-- 

.f friction coefficient at the wall, zO/pU’ Cfapeyron equation [K] 

.L friction coeEcient at the exir of the U axial velocity fm s ‘] 
evaporator vn radial velocity at the wall fm s ‘1 

.A friction coefFicient for the fuliy developed .Y coordinate in the axial direction 
turbulent flow ?.I initial location of the transition region 

h enthalpy [J kg ‘1 [ml 
& Iatent heat of vaporization [J kg- ‘1 2 dimensionless location of the transition 
fc thermal conductivity of the vapor region, (X - x,,,f@, 

fWm_’ K- ‘] 
.L length of the heat pipe [m] Creek symbols 

L length of the adiabatic section [m] 7 ratio of specific heats, C,/C,, 

L length of the condenser [ml A? time increment [s] 

& length of the evaporator [m] 6x distance between nodes {m] 
M Mach number, Lf/V!(-;RT) I- fraction of transition to turbufent 
fl time step ROW 

P vapor pressure [N m- “] P dynamic viscosity [N s m ‘1 

p, reference pressure for the Clausius- P density [kg m “1 
Clapeyron equation (N m -l] shear stress 

p, pressure at the evaporator end cap ;t _Y,-. _T 1.4 -St-_ I,J. 
[N rn- ‘1 

P& sink pressure [N m- ‘f Subscripts 
P so source pressure [N m- ‘f 0 properties of the injected or extracted 

Q heat input [W] fluid at the wall 

Y heat flux [W m- 2] .Y derivative with respect to .Y. 

2. MATHEMATICAL MODELING 

The one-dimensional transient compressible vapor 
flow is considered to predict the vapor flow dynamics 
in the heat pipe. Even though a uniform velocity is 
used, the friction at the interface is incorporated by 
using the expressions for the friction coefficients, 
which are found from the two-dimensional numerical 
results given by ref. [ 1 I]. The vapor is assumed to be 
a perfect gas. The governing equations for the vapor 
flow in the heat pipe with neghgible body forces are 
formulated by using the principles of the conservation 
of mass, momentum. and energy in a control vofume 
of cross-sectional area. zDi/4, and width, dr. 

The governing equations are written in a compact 
vectorial form as follows : 

where 

I 
P 

I)= pu 

6 

where V&x) refers to the velocity at the wall with a 

0) 
positive value for injection and a negative value for 
suction. 

The equation of state is employed to reiate the 
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density, pressure, and temperature in the vapor space 
as follows : 

P = pRT. (6) 

For the simulated heat pipe vapor flow, the tem- 
perature was evaluated by using the equation of state 
because a change of phase was not involved. For the 
actual vapor flow in the cylindrical heat pipe, the 
Clausius-Clapeyron relationship was used to predict 
the saturation temperature of the vapor from the press- 
ure as given by 

T=r 
-- 
T, 

The known boundary conditions at the ends of the 
heat pipe are as follows : 

U=O atx=O and L (8) 

aT 
-=O atx=O and L. 
ax (9) 

The conditions for the density and pressure at the ends 
of the heat pipe are unknown, so physically realistic 
boundary conditions should be derived. In general, 
near the ends of the heat pipe the mass flow rate is 
small, so the axial gradients of the pressure and den- 
sity are small. In the region adjacent to the exit of the 
evaporator, the variations of the pressure and density 
are large. Thus, the boundary conditions for the press- 
ure and density can be assumed as follows : 

ap 
- = 0 at.u = 0 and L 
2.x (10) 

8P &=O atx=O and L. (11) 

A correlation between the mass flux at the wall and 
the pressure drop across a porous tube wall based 
on experimental measurements for the simulated heat 
pipe vapor flow was given in ref. [1 11. The mass flux 
(poV,) at the wall for the simulated heat pipe vapor 
flow was evaluated by using this correlation 

A(P’) = 3.639 x 109(p,VJ2 

+ 1.7015 x 108(p,V,) (12) 

where A(P2) is the absolute value of the difference 
between the square of the uniform source pressure 
and the square of the vapor pressure in the blowing 
section. In the suction section, A(P*) is the absolute 
value of the difference between the square of the vapor 
pressure and the square of the uniform sink pressure. 
A change of phase of the working substance was not 
involved. The uniform source temperature of 300 K 
was used for his experiment, but the sink temperature 
was not specified. To evaluate the terms in braces { > 
in equation (S), the source temperature is used at 
the blowing section and the vapor temperature is 
employed at the suction section. 

Since the working fluid changes phase at the vapor- 
liquid interface in actual heat pipes, the temperature 
at the interface is the saturation temperature, but the 
temperature in the vapor space may be quite different 
from the saturation temperature for high temperature 
heat pipes. For the one-dimensional model, the 
properties are area-averaged so that the temperature 
in the vapor space is not the interface temperature 
but is also not the saturation temperature. The vapor 
temperature can be evaluated from the energy equa- 
tion and the saturation temperature corresponding to 
the vapor pressure can be obtained from the Clausius- 
Clapeyron relationship. However, this saturation 
temperature is not the actual interface temperature 
either. The correct estimation of the terms in braces 
{ } in equation (5) is uncertain due to using the area- 
averaged properties. Since a heat pipe is a closed 
system, the application of the correct values of heat 
input and output is important. To eliminate this 
difficulty, terms in braces { } in equation (5) are 
replaced by using the heat flux applied on the surfaces 
of the evaporator and the condenser as follows : 

[ 

G(x) 
4 = PoVo(X) ho(x)+ 7 

1 
(13) 

In addition to the above boundary conditions, one 
needs to specify the initial conditions for the appro- 
priate variables in the problem corresponding to 
the experimental conditions. This information is 
described in Section 5. 

3. FRICTION COEFFICIENTS 

The turbulence intensity in the simulated heat pipe 
was measured in ref. [I l] to determine the character- 
istics of the vapor flow. For axial Reynolds numbers 
up to 106, laminar flow was observed in the blowing 
section and was retained in the suction section for 
axial Reynolds numbers less than 12000. The tran- 
sition from laminar to fully turbulent was predicted 
in the entrance region of the suction section for axial 
Reynolds numbers greater than 12000. Unlike flow 
in impermeable tubes, laminar flow was maintained 
for axial Reynolds numbers greater than 2000. For 
the supersonic case in the suction and blowing section 
the flow remained laminar until a shock wave occurred 
and then turbulent flow abruptly appeared, which 
showed that no transition region existed. 

Since the mathematical model is one-dimensional, 
proper expressions for the friction coefficient are 
necessary to take into account the frictional losses. 
Eleven numerical simulations were carried out in ref. 
[l l] by using the two-dimensional numerical model 
to evaluate the friction coefficients according to the 
characteristics of the vapor flow. The following 
expressions for the friction coefficients including the 
compressibility effect were correlated by using the fric- 
tion coefficients obtained from the two-dimensional 
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model. The friction coefficient for laminar flow in the 
condenser or the evaporator is 

f’= $1.2337_0.2337e ~‘~O?h%,), 2”?, (14) 
> 

The absolute value of the radial Reynolds number 
at the wall. Rro, is used in the evaporator and the 
condenser. For the adiabatic section where the wall 
radial Reynolds number is zero. equation (14) is iden- 
tical to that for the impermeable circular tube. For 
fully-developed turbulent flow in the condenser, the 

friction coefficient is 

For transition flow in the condenser entrance region, 

the friction coefficient is defined as 

f’=f;+(f;-,t)e ‘)4’?(?, (16) 

For the one-dimensional numerical model pre- 
sented in this paper, the vapor flow in the evaporator 
and adiabatic sections is assumed to be laminar. In 
the condenser, laminar flow is assumed for the axial 
Reynolds numbers below 12 000 at the entrance of the 
condenser and for supersonic flow. When the axial 
Reynolds number is greater than 12000, transition 

and turbulent Bows are considered in the condenser. 
Also, after a shock wave turbulent flow is assumed in 

the condenser. Equation (14) is used to evaluate the 
friction coefficients in the evaporator and adiabatic 
sections and is also employed in the condenser when 
the axial Reynolds number at the entrance of the 
condenser is less than 12 000 and the vapor flow is 
supersonic. When the axial Reynolds number is larger 
than 12 000, equation (16) is applied to the transition 
region, which is assumed to exist from the entrance of 
the condenser to about 60% of the condenser length, 
based on the experimental data shown in Fig. 3.8 in 
ref. [I I]. Equation (15) is used for the turbuIent flow 
in the condenser. The initial location of the transition 
region, .x,,+ is at the entrance of the condenser, and 
from Fig. 3.8 in ref. [l l]. s, _ 3,4 and x,-__ , 4 were esti- 
mated to be 0.7 and 0.6, rcspectivety. 

4. NUMERICAL FORMULATION 

From the many schemes [16] available for the solu- 
tion of the compressible flow problem, the Beam- 
Warming finite difference scheme is chosen to trans- 
form the governing equation (1) to the finite difference 
formulation. This scheme is a non-iterative implicit 
method and is similar to ADI for multidimensional 
Bow problems by using the factorization which retains 
the tridiagonal block matrix. 

The spatial derivatives are approximated by using 
the three-point second-order accurate central differ- 
ence approximation for the interior points and the 
one-sided second-order accurate difference approxi- 

mation for the boundary nodes. After the approxi- 
mation operators are applied, the system of equations 
becomes 

[fi &PO, ( +[K,]PDi 

+ jL;+ ,fri”D,, , = [RHS]:’ i = 2,. . , l,,,, i (17) 

where 

+6D:‘-40:’ ,+D: :) 

where [I] is the unit matrix, [A], [PI? [R] and [S] arc 
the Jacobian matrices, and F. the coefficient of the 
dissipative term to dampen oscittations. 

This time difference formula reproduces many 
different schemes with the appropriate choice of 0, 
and OZ. The scheme is second-order accurate in time 
when 0, = l/2 + O2 and first-order accurate otherwise. 
For 0, = 1 and B1 = l/2, the formula becomes second- 
order accurate in time over three grid points. The 

system of equations (17) has the following block tri- 
diagonal structure : 

[JKL]j6”0 ’ = !RHS”‘, 11 I 11 (IX) 

where [ JKL] represents the banded coefficient matrix 
of which components are 3 x 3 matrices for one- 
dimensional vapor flow, and jS’D,j and {RHSyj are 
column vectors. The tridiagonal block matrix size is 
now (3 x l,,,,,_2) x (3 x I,,,,,_ 2) where I,,,, is the num- 
ber of nodal points. This system of equations can be 
solved using the conventional methods for solving 
block tridiagonal systems of equations. The vector of 
unknowns at the n + I th time step is then determined 
by simply adding 6”D to the value of D" at the nth 
step. The primitive variables (P, U, P, T) can be 
obtained from D” ’ ‘. 

A total of 80 nodes, which is the minimum number 
of nodes to obtain accurate results, are evenly spaced 
in the axial direction and a time step of 0.1 x IO ' s is 
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used for the simulated heat pipe vapor flow. Since the source pressure remains the same as the initial pressure. 

heat flux at the wall in the evaporator is different from This difference between the source and sink pressures 

that in the condenser due to the different lengths for initiates the air flow from the blowing section to the 

the cylindrical heat pipe, the coarse nodal system pre- suction section. The pressures at the inlet of the blow- 

sented some difficulty in reaching the steady state. For ing section, the center of the pipe, and the end of 
the cylindrical heat pipe, 200 evenly-spaced nodes the suction section are plotted to compare with the 
are used in the axial direction and a time step of numerical results for the two-dimensional model as 

0.1 x 10-j s is employed. shown in Fig. 2. 

5. RESULTS AND DISCUSSION 

5.1. Comparison with the simulated heat pipe vapor 

.froW 
A comparison of the numerical results with the 

experimental dam given in ref. [ 1 l] is desired to verify 
the mathematical model and algorithm. However, the 
existing experimental data was obtained by simulating 
the vapor flow of a cylindrical heat pipe with a porous 
pipe which has an inside diameter of 1.65 cm and a 
length of 0.61 m as shown in Fig. 1. The blowing and 
suction sections have equal lengths and were simu- 
lated by the injection and suction of air without phase 
change at the interface. Also, uniform source and 
sink pressures for the blowing and suction regions are 
specified instead of the radial mass flow rate. Thus, to 
simulate the experiment equation (12) is used to 
obtain the radial mass flux with the known source and 
sink pressures. 

5.1.1. Transient results. The existing experimental 
data were obtained at the steady state so the present 
transient numerical results can only be compared with 
the transient numerical results for the two-dimen- 
sional model [ 1 I]. For this purpose, the same 
geometry and physical conditions are used such as the 
source pressure of 2.06 x IO” N mm2 (30 psia) and 
the sink pressure of 1.03 x 10’ N rn- * (15 psia) 
corresponding to case B. 1. 

Initially, the velocity of the vapor is zero and the 
pressure and temperature are the same as the source 
pressure and temperature, respectively, To simulate 
the transient flow, the sink pressure is suddenly 
lowered to 1.03 x lo5 N mm2 (15 psia), while the 
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,... . . . . . . . . . . . .,....,._.. ,. ,.... I.,. .,... 
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i 0.3m m i_ o.3LAi0~ 

FIG. I. Schematic diagram of model for air flow in the porous 
pipe. 

Figure 2 shows the following transient behavior of 
the air Aow in the porous pipe. Since the sink pressure 
is abruptly changed from the initial pressure to 
1.03 x 105 N me2 (15 psia) along the entire suction 
section. the pressures at the center and last nodes 
decrease immediately due to the evacuation of air. For 
this period, the blowing section pressures adjacent to 
the suction section start to decrease due to the flow of 
mass from the blowing section to the suction section, 
but the pressure near the beginning of the blowing 
section remains constant. Also, the mass Aow rate 
from the blowing section to the suction section is not 
sufficient to influence the end of the suction section 
so that the pressure at this point decreases faster than 
that at the center of the pipe. 

At about 0.8 x 10e3 s, the pressure at the end of the 
suction section reaches the minimum value and then 
starts to increase while the pressure at the center of 
the pipe keeps decreasing due to the frictional loss and 
the acceleration of the flow. At this time, the pressures 
over the entire blowing section become less than the 
initial pressure so that the mass flow rate is sufficient 
to influence the end of the suction section. As the 
pressure in the blowing section decreases and the 
source pressure remains constant, the mass flow rate 
from the blowing section to the suction section 
increases. Thus, the pressure at the center node keeps 
decreasing and the pressure at the end of the suction 
section rises due to the contribution of the mass from 
the blowing section. 

At about 3.5 x 10e3 s, the pressures at all three 
points reach the steady state. As expected, the pressure 
at the end of the suction section does not recover 
completely due to the frictional loss at the pipe wall. 
Figure 2 shows that the present results and numerical 
results for the two-dimensional model [ 1 I] are in 
agreement. 

5.1.2. Steady state results. When the present numeri- 
cal results reach the steady state, those results are 
compared with the experimental data given in ref. 
[I 11. Numerical calculations are conducted for four 
different sets (i.e. cases B.2, B.3, B.4, and BS) of the 
source and sink pressures by using equations (14)- 
(16) for the friction coefficient. The cases examined 
are as follows : 

Case B.2: P,, = 1.39x lo5 and PSk = 1.21 x 105 N mm2 

&se B.3: Pso = 2.09 x 10’ and Psk = 1.57 x 10’ N me2 

Case B.4: P,, = 2.68 x IO5 and PSk = 1.69 x lo5 N me2 

~aseB.5:Ps,=5.30x105andP,,=1.06xl@Nm--I. 
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Present 1-D transient model 
for Case B.l 

0 = Beginning of pipe 
0 = Center of pipe 
A = End of pipe 

2-D model [ll] 
l = Beginning of pipe 
n = Center of pipe 
A = End of pipe 

I 

. 

0.0 5.0 10.0 15 0 20.0 

Time x 104. 
25.0 30.0 35.0 40.0 

seconds 
1.0 

FIG. 2. Comparison of the present numerical results with Bowman’s two-dimensional model for pressure 
variations with time at three locations of the porous pipe : case B. I. 

Figure 3 shows the comparison of the pressure dis- 
tributions along the axial direction. The top three lines 
in Fig. 3 show the pressure distributions for the low 

mass flow rates. The pressures in the blowing section 
decrease due to friction and the acceleration of the 

flow caused by mass injection, but the pressures in the 
suction section increase owing to the deceleration of 

the flow by the extraction ofmass. However, the press- 
ures at the end of the suction section are less than 
those at the beginning of the blowing section because 
of the loss due to friction. In these three cases, the 
pressure distributions at the steady state correspond 
well to those for low temperature heat pipes and are 

in agreement with the experimental data. 
The fourth data profile (case B.5) shows the press- 

ure variation in the axial direction for the high mass 

flow rate. Unlike the previous three cases, the pressure 
drop in the blowing section is very large. The pressure 

ratio at the exit of the blowing section is about 0.4 
and this ratio corresponds to a Mach number of 
A4 = 1. After the pressure decreases in the blowing 
section, the pressure keeps decreasing in the entrance 

region of the suction section due to the expansion 
of air even though mass removal occurs. Then, the 
pressure suddenly increases and then continues to 
increase as the flow slows down. This implies that a 
shock wave occurs at the place where the pressure 
changes abruptly. When a shock wave does not exist 
in the suction section. the pressure is supposed to 
decrease along the suction section. The one-dimen- 
sional model predicts the supersonic flow and shock 
wave in the suction section and the comparison of the 
numerical results and experimental data shows a good 
agreement except for the region immediately after the 

shock wave. 
The variations of the pressure and velocity at the 

Bowman exp. [ll] 

a = Case 8.2 
. = Case 8.3 
CJ = Case B.4 
q = Case 8.5 

Presenke;;Fical 

0 

Shock 

Blowing section Suction section 

A.1 6.2 d.3 d.4 d.6 

Axial Distance, m 
s 

FIG. 3. Comparison of the present numerical results with the experimental pressure variations [1 l] in the 
porous pipe. 
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Blowhe. section _I_ Suction sectmn 
c 
. I- 

OC 0, 02 03 04 05 06 
Axial Distance. m 

FIG. 4. Axial variations of pressure and velocity for case 8.4. FIG. 6 

Evaporator 
lip;;; 

Condenser 

L, = 01 m La= 005 q L, = 0.35 m 

Schematic diagram of model for the sodium vapor 
flow in the heat pipe. 

FIG. 5. Axial variations of pressure and velocity for case B.5. 

steady state corresponding to cases B.4 and B.5 are 
shown in Figs. 4 and 5, respectively. For the low mass 
flow rate, the temperature and density in the blowing 
section decrease corresponding to the decrease in press- 
ure and the velocity increases due to the mass injection. 
The Mach number, M, however, is less than 1 at the 
exit of the blowing section, so the velocity in the 
suction section decreases because of the extraction 

of mass. Also, the temperature and density should 
increase in the suction section. Figure 5 shows the 
axial variations of the pressure and velocity for the 
high mass flow rate. After the sonic velocity is reached 
at the exit of the blowing section, the velocity keeps 

increasing in the suction section until a shock wave 
occurs. Then, the velocity decreases to zero at the end 
of the pipe. The air expands near the entrance region 
of the suction section and then the density suddenly 
increases after the shock wave. 

5.2. Comparison with actual vapor ,jow in cylindrical 
heat pipes 

The model was tested for the actual vapor flow in 
a sodium heat pipe corresponding to the experiment 

given in ref. [ 151 as shown in Fig. 6. The lengths of 

the evaporator, adiabatic, and condenser sections are 
0.1, 0.05, and 0.35 m, respectively. The diameter of 
the vapor space is 0.014 m. The experimental data [ 151 
represents only the saturation temperature and heat 

transfer rate (Q = 560 W) at the steady state. The 
initial conditions and actual boundary conditions 
applied on the surface of the evaporator and con- 
denser are unknown. The present numerical model is 
transient, however, so the initial conditions and his- 

tory of heat input and output in the evaporator and 
condenser sections are needed. 

For the numerical calculations, the uniform initial 
temperature of 8 10 K is used and the vapor is assumed 
to be saturated at the initial temperature. Initially, the 

velocity of the vapor is zero. The same amount of heat 
(Q = 560 W) is uniformly applied on the surface of the 
evaporator and the convective boundary condition is 

used on the surface of the condenser. The reference 
temperature of 300 K for the convective boundary 
condition is employed and the heat transfer coefficient 
is determined by iteration. At first, an arbitrary initial 
heat transfer coefficient is guessed. When the numeri- 
cal results reach the steady state, the saturation tem- 

perature at the end cap of the evaporator is compared 
with the experimental data at the same location. This 
procedure is repeated until the same temperature is 
obtained at the steady state. For this test, the heat 
transfer coefficient of 69.1 W m- * K- ’ is used. 

Figure 7 shows the axial variation of the saturation 
and vapor temperatures, pressure, velocity and den- 
sity obtained from the present numerical model and 
the experimentally measured saturation temperature 
distribution [15]. The pressure, temperature and den- 
sity in the evaporator decrease and the velocity 
increases due to the injection of mass and the effect of 
friction. In the adiabatic section, the pressure 
decreases owing to friction at the interface. The den- 
sity also decreases while the velocity continues to 
increase. The pressure recovery in the condenser is 
almost negligible. This is due to the dominant friction 
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Ivanovskii et al. Present numerical result 
Experiment [15] 

n = Saturation Temp. 
0 = Temperature 
A = Saturation temp. 
l = Pressure 

, 01 02 03 04 

Axial Distance, m 

FIG. 7. Axial variations of temperature, pressure, velocity and density of the sodium heat pipe at steady 
state. 

effect at the interface of the condenser compared to 
the effect of mass extraction in this long condenser. 
In the adiabatic section a difference between the cal- 
culated and measured saturation temperatures is 
observed, but the trend of the saturation temperature 
variation is the same. The trend of the vapor tem- 
perature in the condenser is quite different from that 
of the saturation temperature in the same region, so 

the saturation temperature may not be assumed to be 
the vapor temperature in the condenser for the one- 
dimensional model. It should be noted that the effects 
of the wall and the wick should be included in the 
transient analysis of actual heat pipes. 

6. CONCLUSIONS 

A model for the transient one-dimensional com- 

pressible vapor flow in the cylindrical heat pipe is 
developed. This model predicts the vapor flow in cyl- 
indrical heat pipes as well as simulated heat pipes 
for the subsonic, sonic, and supersonic flows under 
transient and steady state conditions. For the simu- 
lated heat pipe, the vapor flow quickly reaches the 
steady state condition. The distributions of the tem- 
perature and pressure during the transient state are 

quite different from those for the steady state. The 
one-dimensional compressible model predicts the 
experimental data well for the cylindrical heat pipe 
and the simulated heat pipe at the steady state. The 
experimental data for the transient state are needed 
to understand clearly the transient behavior of the 
vapor flow in the heat pipe both at low and high 
temperatures. The one-dimensional model can reduce 
the computational effort needed to solve the vapor 
flow problem. 
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ANALYSE DU TRANSPORT MONODIMENSIONNEL VARIABLE DE VAPEUR 
COMPRESSIBLE DANS LES CALODUCS 

RhsumiGOn modehse f’ecoulement variabie monod~mensionne1 de vapeur dans un caloduc. Les risuitats 
numtriques sont obtenus en utiiisant la methode implicite non iterative aux diffirences finies Beam- 
Warming. Le modtle est test& pour l’bcoulement de vapeur simule et celui reel dans des caloducs cylin- 
driques. On obtient une bonne comparaison des resultats pour l’ecoulement simule de vapeur et pour les 
rbsultats transitoires anttrieurs dun modtle bidimensionnel et les resultats de regime permanent sont en 
accord avec les donnees experimentales existantes. Le comportement variable de l’ecoulement de vapeur 
aux vitesses subsonique, sonique et supersonique aussi bien que les debits masse elevts sont predits avec 

succts. 

ANALYTISCHE UNTERSUCHUNG DER EINDIMENSIONALEN TRANSIENTEN 
KOMPRESSIBLEN DAMPFSTROMUNG IN WARMEROHREN 

Zusammenf~~n~-Das dynamische Verhalten einer kompressiblen eindimensionalen Dampfstr~mung 
in einem W~rmerohr wird m~ellhaft dargeste~It. Mit Hilfe der impliziten nicht-iterat~ven “BEAM- 
WARMING’-Finite-Differenzen-Methode werden numerische Ergebnisse ermittelt. Das Model1 wird 
fur simulierte Dampfstriimungen in einem Warmerohr und fur tatslchliche Dampfstrdmungen in 
zylindrischen Warmerohren iiberpriift. Das transiente Verhalten der simulierten Dampfstromung in einem 
Warmerohr stimmt gut mit friiheren Ergebnissen aufgrund eines zweidimensionalen numerischen Modells 
tiberein ; die stationgren Ergebnisse stimmen mit vorhandenen Versuchsdaten iiberein. Das transiente 
Verhalten der Dampfstromung bei Unterschali-, Schall- und Uberschallgeschwindigkeit wie such bei 

hohen Mass~nstromdi~hten wird erfolgreich vorhergesagt. 

AHAJlM3 OJ&iOMEPHOI-0 HECTAIJHOHAPHOl-0 TEgEHMIf CXCWMAEMOTO IIAPA B 
TEl-IJIOBbIX TPYEAX 

~~Mo~~~y~cs nrinaMmca n~au~onapnoro 0~0~~Horo TellerniB ~HM~MO~O napa B 
Tennor& Tpy6e. gHe.neHme pe3ynbTaTu nonyqem c iicnonb308aiiseM HeKBnoro He~ep~uno~~oro 

KOHeYHO-Pa3HOCTWOTO MeTOAa 6HMtPYOpMUH~a. Haiinemare p3yJlbTaTid COnOCTaBJlPlOTCR C AiUUibIMH 

no peanbnortdy TevenHso napa B ~HJI~~~~A~H~zcKHx Tennomx rpy6ax. &c~rrrrryro xopomee cornacrie 
MeXJly HeCraUHOHaPHblMH pe3yAbTiiTaMH, llOJl)‘Yf%IHbIMH AJM MOAe4lbHO~O TtWZiHR llapa 6 Tt!IlJlOBOii 

Tpj’&,H ll~XHHMU~)UIbTaTaMM IlO AByMepHOfi 'WXeHHOfi MOAenU,aTKKmeMe~AynaUHOHapHbIMa 

p‘Z3yJlbTaTaMH I4 HMeKWHMHCR 3KCIIepHMeHTaJIblibIh4H AWiiblMH. YCneUXHO l'ljX?~CKa3bIBaeTCS HeCTa- 

UBOH~pHOe EIOBQIeIiHe l’T%ZiiiII ltapa II&W AO3ByKOBbtX, 3BYKOBbIX H CBePXJBYKOBMX CKOpoCTStX, a TaKXGE 


